Introduction {#s1}
============

Around 5 to 10 present of women in reproductive age are affected by polycystic ovary syndrome (PCOS) which is a complex endocrine disorder.^[@R1],[@R2]^ It is a multigenic disorder with a high degree of heritability.^[@R3]^ Phenotypically, it is a heterogeneous disorder. The symptoms of this disorder are obesity, hyperandrogenism, irregular menstrual cycle, ovarian cysts, anovulation, and low grade chronic inflammation related stress markers like nitric oxide (NO) and free O2, which raise the influence of cardiovascular problems.^[@R2],[@R4]^ Furthermore, the ovarian function would decrease the following loss of gonadotropin receptor.^[@R5]^ The compounds of molecular oxygen such as hydrogen peroxide (H2O2), hydroxyl radicals, and superoxide radical can cause lipid peroxidation and change enzyme activity. In women with PCOS, accelerated lipid metabolism causes elevated oxidative damage in most of the patients which can be the result of endogenous free radical attack.^[@R6]^ In the PCOS women, hyperandrogenism with lower catalase activity leads to free O2 and peroxynitrite (ONOO-) accumulation. Whereas decreased glutathione (GSH) content suggests that hyperandrogenism effects cannot be reversed; it causes lipid peroxidation, impairment of ovarian function, and DNA damages.^[@R7]^ It has been shown that the H2O2 induced DNA damages and DNA strand breakage in the patients with PCOS are much more increased in comparison with the control group.^[@R8]^

On the other hand, the oxidative stress and hypoxia in the adipocytes lead to the inflammation that may increase the macrophage and other immune cells' recruitment.^[@R9]-[@R11]^ The macrophage accumulation along with the dysfunctional adipocytes produces pro-inflammatory cytokines that lead to the systemic chronic low-grade inflammation.^[@R12]-[@R14]^ Furthermore, monocyte and neutrophil infiltration into the adipose tissue causes the inflammation of this tissue.^[@R9],[@R10],[@R15],[@R16]^ It appears that alteration in the immune cell populations infiltrating the ovary and follicular fluid cytokines are responsible for the onset of PCOS and its development.^[@R17]^ Therefore, the low-grade chronic inflammation, oxidative stress, and intrinsic dysfunction in the androgen synthesis appear to be the major players in the etiology of this disorder.^[@R18]-[@R20]^

In recent years, many animal models have been developed to study the etiology of PCOS.^[@R21],[@R22]^ Dehydroepiandrosterone (DHEA) treated mouse model is the most interesting animal model, because it can show the main symptoms of diseases such as ovarian cyst, lack of ovulation, and inflammation.^[@R17],[@R23]-[@R25]^ In the present study, we evaluated the oxidative stress and inflammatory biomarkers, miR-146a and miR-21, in DHEA-induced mice and discussed their possible roles in the pathogenesis of PCOS.

Materials and methods {#s2}
=====================

Chemicals {#s2-1}
---------

All the chemicals were provided by Sigma-Aldrich (MO, USA).

Animals and experimental protocol {#s2-2}
---------------------------------

Prepubertal female BALB/c mice (21 days of age) were housed under controlled temperature (22°C) and standard light/dark cycle with free access to water and food. Then, 26 mice were subcutaneously (sc) injected with DHEA (60 mgkg^-1^ day^-1^ dissolved in 0.1 mL sesame oil) for 20 consecutive days to make animal model. Age- and weight-matched control females (9 mice) received vehicle alone over a period of 20 days. Body weight was assessed each day and sexual cycle was determined by daily vaginal smears during the treatment period. Anesthetization and scarification of the mice were done by ether and cervical dislocation after 20 days of treatment. Blood was collected for micronucleus (MN) test, miRNA analysis, and ESR and CRP determination. In this study, 4% (w/v) paraformaldehyde was used to fix freshly dissected ovaries for histological studies. And mononuclear cells from freshly dissected femurs collected in normal saline were subjected to Comet assay.

Examination of ovarian morphology {#s2-3}
---------------------------------

In the last day of injection, the ovaries of control and model animals were removed and fixed in the 4% paraformaldehyde for 72 h. The fixed ovaries were embedded in paraffin, cut into 6-micron sections on a sliding microtome, and stained with hematoxylin and eosin (H&E). Five sections were obtained from each ovary in order to count the number of corpeus luteums, follicles, and the follicular cysts if present. This examination was performed by a single blinded observer.

Examination of inflammatory markers {#s2-4}
-----------------------------------

ESR values were examined in Micro-Dispette tubes (Fisher No: 02-675-256) according to the manufacturer's instructions. Briefly, 240 μL blood sample was thoroughly mixed with 60 μL of the normal saline and transferred to the white filling reservoir. Then, the Micro-Dispette was inserted into the reservoir. Afterwards, Micro-Dispette and reservoir assembly was placed in a correctly leveled ESR stand. The result was read after 1 h. Furthermore, to evaluate the presence of chronic low-grade inflammation in the animals, serum CRP level was analyzed by ELISA (ALPCO Diagnostics, New Hampshire, USA) according to the manufacturer's guide.

microRNAs expression assay {#s2-5}
--------------------------

Following two subsequent spins, 1 mL TRIzol reagent (Sinagen, Tehran, Iran) was utilized to extract total RNA from 100 µL of plasma. TRIzol reagent is used for isolating both enriched miRNAs and Larger RNA species. The RNA was stored at -80^°^C for later analysis. cDNA was synthesized using Bon-Mir RT kit (Bonyakhteh, Tehran, Iran) based on the manufacturer's instructions. microRNA gene expression was analyzed by means of Step-One system (ABI, Massachusetts, USA) and expression levels were evaluated using 2(-∆∆ct). Then expression levels were compared with the controls and expressed as fold change. Sequences of the used forward primers are as below:

miR-21 Forward primer: CGCCGTAGCTTA TCA GAC T

miR-146a Forward primer: CCG TGA GAA CTC AAT TCC A

Snord47 Forward primer: ATC ACT GTA AAA CCG TTC CA

Universal Reverse Primers were obtained from Bonyakhteh Company (Bonyakhteh, Tehran, Iran).

MN analysis {#s2-6}
-----------

For the MN analysis, all mice were sacrificed by cervical dislocation, after taking the right femur and flushing the bone marrow using the insulin syringe filled with 1 mL RPMI. After that the supernatant and precipitate were separated by centrifugation (1000 rpm, 5 min), the cells were spread on slides, dried by air, then fixed in the absolute methanol, and stained with May-Grunwald and Giemsa solution. Staining procedures included: immersing slides in the absolute May-Grunwald for 3 min and then in 50% May-Grunwald for 2 min, washing with tap water, immersing in 10% Giemsa for 15 min, washing again with tap water, and drying at room temperature. This procedure was done at 1000x magnification to examine the number of micronucleated polychromatic erythrocyte (MNPCE) among 1000 polychromatic erythrocyte (PCE) and the percentage of PCE among 100 erythrocytes.

Comet assay {#s2-7}
-----------

Two slides were prepared for each sample. Whole blood sample (25 μL) was mixed with 100 μL of 37°C low melting point agarose (Sigma Aldrich, 0.75% agarose in phosphate-buffered saline, Mg2, Ca2 free). The mixture was added to the windows made on the frosted slides and precoated with 1% normal agarose (Merck, Darmstadt, Germany). Coverslips were used to caver the slides. Following the covering, the slides were put on a tray and incubated at 4^°^C for 10 min to solidify. A fresh and cold lysing solution (1% Triton X-100, 1% sodium N-lauryl sarcosinate, 10% dimethylsulphoxide, 10 mM Tris base, 100 mM EDTA, and 2.5 M sodium chloride, Merck, pH= 10) was employed to immerse the slides (without coverslips) at 4^°^C for 1 h. To unwind the DNA helix, the slides were treated by an alkaline buffer (1 mM EDTA and 0.3 M NaOH, Merck, pH 13) at 4^°^C for 40 min. The slides were put into the electrophoresis tank (0.75 V/cm) at 4^°^C for 40 min. A solution of 0.4 M tris-HCl (pH 7.5) as neutralizing buffer was used to wash the slides for three times. Then the slides were dehydrated in absolute ethanol for 5 min and air-dried. Finally, slides were stained with SYBR® Safe stain (Invitrogen, Paisley, UK) and analyzed.

Microscopic examination {#s2-8}
-----------------------

The extent of DNA damage in each sample was evaluated by Nikon E800 epifluorescence microscope (Nikon, Tokyo, Japan) equipped with 546-516 wavelength band and a 590 nm barrier filter attached to a Charged Coupled Device (CCD) camera (Nikon, Tokyo, Japan) at 400x magnification. The undamaged cells were in the halo form, while the damaged cells appeared in the comet form. One-hundred cells were counted from each slide and categorized by comet class (0-4). Then the arbitrary units were calculated in the range of 0-400 according to Collins et al.^[@R26]^ The mean arbitrary unit was used to evaluate the DNA damage.

Results {#s3}
=======

During daily injection, the increase of animal weight was calculated by a sensitive balance. The weight of animal models was increased, however this change was not significant (*p*=0.168). Microscopic observation of ovaries in the model and control mice proved the presence of 1-3 follicular cysts in the model animals and none in the control mice ([Fig. 1A](#F1){ref-type="fig"}). These follicular cysts were larger having tiny layer of theca cells in comparison with follicular wall of a tertiary follicle ([Figs. 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}). The ovarian follicles at different stages of development were present in prepared sections from both groups, but corpus luteum was absent in the ovaries of model animals ([Fig. 1B](#F1){ref-type="fig"}). Vaginal smear demonstrated significant changes in the ovary's performance and lack of estrus cycle in the model animals compared to controls ([Fig. 2](#F2){ref-type="fig"}).
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Both groups were examined for ESR values ([Table 1](#T1){ref-type="table"}). The DHEA-administered mice had a mean ESR of 6.22 ± 0.56 mm/h compared to 2.33 ± 0.31 mm/h in the control mice. Serum CRP level was significantly higher in the DHEA-treated mice in comparison to the controls ([Table 1](#T1){ref-type="table"}). These results confirm the presence of low-grade chronic inflammation in the mice receiving DHEA.

###### Genetic and immunologic characteristics between controls and DHEA-treated mice

  --------------------------------- ------------------------------ -------------------------- -------------
                                    **Healthy controls (n = 9)**   **PCOS models (n = 26)**   **p value**
  Weight gain (g)                   7.94 ± 0.79                    8.19 ± 1.29                0.168
  ESR (mm/h)                        0.93 ± 0.31                    2.96 ± 0.56                \< 0.000\*
  CRP (ng/mL)                       82.46 ± 41.21                  188.68 ± 66.90             \< 0.000\*
  MN frequency (per 1000 cells)     2.33 ± 2.23                    6.22 ± 3.28                \< 0.000\*
  Arbitrary units (per 100 cells)   184± 76                        277± 92                    0.005\*
  --------------------------------- ------------------------------ -------------------------- -------------

Values are given as median (interquartile range). \**p* \< 0.05 statistically significant (two tails). ESR: erythrocyte sedimentation rate; CRP: C-Reactive Protein; MN: Micronucleus.

Analysis of the real-time PCR results by REST software indicated that both inflammatory miRNAs (miR-146a and miR-21) were up-regulated in all (100%) animals of the model group compared to the control group. miR-146a and miR-21 were up-regulated in the DHEA-treated group in comparison with healthy controls by mean factors of 11.464 (*p*=0.006) and 6.385 (*p*=0.000), respectively. Details of expression levels of miR-146a and miR-21 are shown in [Fig. 3](#F3){ref-type="fig"}. The results indicated that expression elevation in miR-146a was much more than that in miR-21.
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The results of MN analysis for the healthy controls and DHEA-administrated animals are shown in [Table 1](#T1){ref-type="table"}. The results of MNPCE rates per 1000 PCE showed that the difference between the treated and control group is significant (*p* \< 0.000). MNPCEs in bone marrow of mouse models are illustrated in [Fig. 4](#F4){ref-type="fig"}.
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The Visual Scoring (arbitrary unit method) was employed to compute the DNA damage from the comets. The results showed that the DNA damage or mean arbitrary unit per 100 cells significantly increased in the DHEA treated mice in comparison with the healthy controls (*p*\<0.005) ([Table 1](#T1){ref-type="table"} & [Fig. 5](#F5){ref-type="fig"}).
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Discussion {#s4}
==========

One of the common endocrine disorders affecting the women in their reproductive age is PCOS.^[@R15]^ PCOS is a heterogenic disorder characterized by the polycystic ovaries, ovulatory dysfunction, and hyperandrogenism.^[@R27]^ It is highly associated with the low-grade chronic inflammation,^[@R28]^ however its etiology is not fully understood. Currently, many different animal models have been developed to study its etiology. Among these models, DHEA-administrated mice mimic the signs of chronic inflammation and severe forms of PCOS in human.^[@R17]^ For this reason, we used DHEA-treated mouse models to study the molecular pathology of PCOS. Our findings are comparable to the previous studies.^[@R17],[@R29],[@R30]^ Many studies use high-sensitivity (hs-CRP) measurements to show the low-grade chronic inflammation. CRP is one of the hepatic acute-phase proteins that is produced in the presence of IL-6 released from adipose tissue.^[@R31]^ We demonstrated the elevation of CRP level in DHEA-administrated mice. In the current study, for the first time, the ESR on the sample from the mice induced with DHEA was measured and the results proved the condition of low-grade chronic inflammation. This is expected to increase the insulin resistance leading to the "vicious cycle" of metabolic disorders in PCOS.^[@R17]^ DHEA affects lipid peroxidation in a dose-dependent manner. It acts as an antioxidant at low concentrations and slightly increases its function at concentration reverses.^[@R32]^ Single-cell gel electrophoresis (comet assay) and MN tests were used to assess the DNA damages. The results pointed out the increased DNA damage in the model mice which was reported by Dinger et al in PCOS patients.^[@R8]^ They suggested that increased androgen synthesis along with expanded DNA repair activity in PCOS patients leads to higher DNA strand breakage.^[@R8]^ The frequency of DNA strand breakage and DNA susceptibility to the oxidation increase in the patients with PCOS, and the GSH levels were reduced. This result is the marked impairment of the cellular and tissue antioxidant capacity.^[@R8]^ Decreased GSH levels and increased DNA damage can activate NF-κB via ataxia telangiectasia-mutated (ATM) signaling.^[@R33]-[@R35]^ The transcription factor NF-κB plays critical roles in immune and inflammatory responses.^[@R36]^ It is also one of the key regulators for the expression of pro-inflammatory genes such as IL-1β, IL-6, IL-1β, and TNF-α.^[@R37]^ Beyond this, decreased intracellular GSH levels and DNA damage can increase AP-1 activation.^[@R34],[@R38]^ Therefore, activation of NF-κB and AP-1 pathways by DNA damage levels are triggers for the inflammation. In the literature, microRNAs are defined as small non-coding RNAs which play a significant role in regulating the protein-coding genes via post transcriptional repression. These protein-coding genes mediate the function of microRNAs in the regulatory networks. Based on researches, miR-146 inhibits the excessive inflammation as a member of negative feedback loops in the innate immune response. miR-21 plays a vital role in T cell homeostasis due to its high presence in the T cells. Our study replicated the data regarding the increased expression levels of miR-21 and miR-146a in PCOS from previous studies.^[@R29],[@R30]^ This may occur in response to the inflammation. miR-146a and miR-21 can down-regulate the AP-1 and NF-κB pathways, respectively, and reverse their effects. Further, miR-21 plays a pivotal role as a modulator of many inflammatory pathways.^[@R39],[@R40]^ It represses the expression of IL-12 p35 subunit and targets the programmed cell death protein 4 (PDCD4), and negatively regulates macrophage activation,^[@R41]^ down-regulate NF-kB, and induce anti-inflammatory proteins such as IL-10, which makes it a negative regulator of the immune response.^[@R42]^ miR-146a directly represses the expression of several pro-inflammatory molecules in the downstream of TLRs including IL-1 receptor-associated kinase 1 (IRAK1), IRAK2 and TNF receptor associated factor 6 (TRAF6).^[@R41],[@R43]-[@R45]^ Moreover, it targets the fos, leading to the down-regulation of the fos--AP-1 pathway and inhibition of matrix metalloproteinase-9 (MMP-9) activity.

Conclusion {#s5}
==========

To conclude, the frequency of increased DNA strand breakage and the expression levels of miR-21 and miR-146a in the DHEA-administrated animals suggest that the low-grade chronic inflammation resulting from the NF-κB and AP-1 activation can be an important player in the pathogenesis of PCOS. Therefore, it might be possible to use these microRNAs as biomarkers or therapeutic agents for the diagnosis and treatment of PCOS.
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Research Highlights {#s9}
===================

What is current knowledge?√ Mir-21 and mir-146a relate to PCOS disorder in affected women's whole blood.√ DNA damage and susceptibility of DNA to oxidative stress are increased in peripheral blood leukocytes of women with PCOS.√ MN frequencies are increased in the buccal cells of PCOS patients.What is new here?√ miR-21 and miR-146a expression levels are increased in DHEA-treated mouse models.√ Expression levels of miR-146a are much more efficient in the pathogeneses of PCOS associated with miR-21.√ Chromosomal instability, DNA fragmentation, and DNA damages are increased in the DHEA-treated mouse models.√ ESR and CRP levels are increased in the DHEA-treated mouse models.
